In Brief
The origin of the mammalian cortex from an evolutionary perspective has been proposed to be the three-layered reptilian cortex. Suryanarayana et al. show that the lamprey, belonging to the oldest group of now-living vertebrates, has a similarly organized three-layered cortex. Basic features of the cortex had thus already evolved at the dawn of vertebrate evolution. 
INTRODUCTION
The motor areas of the mammalian cortex have a distinctive efferent projection pattern to the basal ganglia and to motor centers in the midbrain, brainstem, and spinal cord, which coordinate different types of movements [1] . The lamprey lateral pallium has a remarkably similar efferent projection pattern, and distinct excitatory projection neurons target downstream motor structures, including the basal ganglia, optic tectum (superior colliculus), mesencephalic locomotor region (MLR), reticulospinal neurons, and the rostral spinal cord [2] . These projection neurons are concentrated in the cellular layer of the dorsal part of lateral pallium and likely correspond to layer 5 pyramidal neurons of the neocortex. Moreover, electrical stimulation of these lateral pallial areas can elicit movements of the eyes, mouth, and trunk, as well as locomotion [2] . In addition to the efferent lateral pallial projection pattern, other forebrain structures, including the basal ganglia, habenulae, and the dopamine circuitry, are also conserved in considerable detail from lamprey to mammals [3] [4] [5] .
The lamprey pallium can be broadly divided into a medial pallium consisting of fiber bundles, e.g., from thalamus as well as neurons, and a lateral pallium that can be further subdivided into a dorsal and ventral part ( [6] and this study). We prefer not to use a further subdivision with a separate dorsal pallium (here, part of the dorsal part of the lateral pallium) [7] [8] [9] [10] , because the borders between the different areas are unclear.
Our focus here is the organization of the lateral pallium and the components of its microcircuitry. We reveal a three-layered structure, with a relatively high density of GABAergic cells in the inner cellular layer and a middle excitatory cell-rich layer covered by an outer molecular layer devoid of neurons, similar to that of the reptilian three-layered cortex. We also describe the membrane properties and morphology of the lateral pallial projection neurons. Both pyramidal tract-(PT) and intratelencephalic-(IT) (cortico-corticostriatal) type neurons [2, 11, 12] are present, along with neurons receiving monosynaptic thalamic input [13] . We further examine different forms of sensory input to PT-type cells-thalamic, intratelencephalic, and olfactoryand their synaptic properties.
The ''canonical microcircuit'' [14] of the mammalian sixlayered neocortex has been widely studied in primates and rodents. The basic circuit pattern has been repeated, albeit adapted to individual cortical areas-''serial homology'' [15] . There is also a growing consensus that this pattern has been adopted across species [15] [16] [17] [18] . In this scheme, the input and output cell types and their connectivity patterns are conserved across regions and species, and cortical lamination is not the core principle of intrinsic connectivity [18] . It is also noteworthy that the interspecies variability in neocortical lamination among mammals is substantial, and some species, like dogs, have few layers in the frontal lobe [19] . In reptiles, with a three-layered dorsal cortex, output cells and thalamo-recipient cells similar to those found in neocortex have been reported as well as their corresponding connectivity patterns [18, [20] [21] [22] .
Birds have developed along a line of evolution separate from mammals, and their pallia have evolved a different organization with a collection of nuclei, such as the dorsal ventricular ridge (DVR) [23] [24] [25] . Nevertheless, there is strong evidence of homology between the DVR and the neocortex [16-18, 26, 27] .
These homologies in reptiles, birds, and mammals have led to the suggestion that a common ancestral amniote cortex would possess a similar input and output connectivity, either with laminated or nuclear cell groups [18] . Earlier in evolution, in amphibians, pallial projections are known to target the contralateral telencephalon, pretectum, tectum, midbrain tegmentum, and the cervical spinal cord [28] . Thalamic input has also been shown to target dorsal pallium, suggesting its homology with the reptile dorsal cortex and motor neocortex [28, 29] . Similarly, sharks (cartilaginous fish) have pallial projections to the tectum, brainstem, rostral spinal cord, as well as to thalamus [30] . In ray-finned fish, there is evidence based on a combination of histochemical and genetic markers for the presence of a pallial region homologous to neocortex [31] [32] [33] .
From the developmental point of view, there is strong evidence linking the lamprey pallium to that of jawed vertebrates (gnathostomes). Sugahara et al. [34] recently identified the medial ganglionic eminence (the subdivision of the developing subpallium, which gives rise to cortical interneurons) in the developing lamprey. Consequently, all major developmental pallial and subpallial domains, including the dorsal and ventral pallium and both the lateral and medial ganglionic eminences observed in gnathostomes, have now been identified in the lamprey and the related hagfish [34, 35] . GABAergic neurons observed in the juvenile and adult lamprey migrate from the subpallial domain during development as in gnathostomes [8, 36] . Expression of the unique telencephalic homeobox gene, Anf/Hesx1, present in all vertebrates but absent in invertebrates, has now been confirmed in lamprey [37] . There is also evidence of regionalization in the developing lamprey telencephalon similar to that in gnathostomes, based on Pax6 expression in the dorsal pallial portion, and Dlx1/2 expression in the ventral subpallial regions (see [35, 38] ), a distinction also recognized by the Drosophila distal-less protein expression [36] . Additionally, homeobox Emx genes have similar expression domains in cyclostomes and gnathostomes [39, 40] , with the cyclostome Emx genes shown to be orthologs of gnathostome Emx genes [40] . The dorso-ventral patterning of the developing telencephalon before its regionalization involves the antagonizing activity of GLI3 from the dorsal region and SHH from the ventral prechordal plate in both gnathostomes and lamprey [41] . Significant developmental evidence thus links the lamprey pallium to its gnathostome counterparts, strongly suggesting a common ancestry.
Our results detailing the lateral pallial architecture in lamprey suggest that many of the features of cortex were not developed de novo with reptiles and mammals but had evolved at the dawn of vertebrate evolution, before the lamprey diverged from the line of evolution leading up to mammals over 500 million years ago.
RESULTS

Lateral Pallial Cytoarchitecture and GABAergic Interneuron Subtypes
The lateral pallium in the lamprey is the area just caudal to the olfactory bulb in the telencephalon ( Figure 1A ). It consists of a ''molecular layer'' practically devoid of neuronal cell bodies but with afferent axons and dendrites extending from the underlying ''cellular layer'' ( Figures 1B and 1C) , where the excitatory projection neurons to the brainstem (PT-type) and the crossed intratelencephalic (IT-type) neurons are located. The overall proportion of GABA cells in the lateral pallium was 22% ( Figure 1D ). In the inner cellular layer ( Figures 1C and 1E, orange) , the density and proportion of GABA and non-GABA cells was approximately equal, whereas in the outer cellular layer ( Figures 1C and 1E,  green) , the density and proportion of GABA cells was lower (Figures 1F and 1G ; n = 6). Calbindin-and calretinin-expressing neurons were also found predominantly in the inner cellular layer around the lateral ventricle ( Figures 1H, 1I , and S1A ; n = 20; Figure S1B ) cells. GABA/calbindin/calretinin-expressing cells are thus present in the lateral pallium and mainly located in the inner cellular layer.
Although no somata expressed somatostatin, there was dense fiber and presumed terminal labeling ( Figure 1J ; n = 2), one source being somatostatin-expressing cells in hypothalamus projecting to lateral pallium ( Figure S1C ; n = 2). There was scarce immunolabeling of fibers and no immunopositive somata for vasoactive intestinal peptide, neuropeptide Y, and cholecystokinin (Figures S1D-S1F; n = 2 each).
Membrane Properties and Morphology of PT-type Neurons
To identify lateral pallial PT-type projection neurons, retrograde tracing from the palliopretectal/tectal fiber bundle was performed ( Figure 2A ). Whole-cell patch recordings were then made from prelabeled neurons, followed by intracellular injection of tracers for morphological analysis ( Figures 2B-2D ).
The majority of the neurons (n = 25/28) were ''regular spiking'' cells, responding with a single action potential to a brief (5-ms) current pulse (Figures 2E and S2A) and with a train of action potentials in response to longer current injections (Figures 2F, 4B, and S2B). When held at depolarized membrane potentials (À50 mV) and injected with a hyperpolarizing current pulse, they showed postinhibitory rebound (PIR) spiking ( Figure 2G ). The remaining three PT-type cells (n = 3/28) responded with a burst of 3 or 4 spikes to a short (5-ms) current pulse ( Figures  2H and S2C ). At threshold, ''bursting cells'' responded to a longer duration current pulse with a burst of spikes, riding on a sustained membrane depolarization, which could outlast the current injection itself (Figures 2I, blue trace, and S2D). For stronger current pulses, they, however, showed tonic firing like regular spiking cells. The bursting cells also showed PIR spiking (Figure 2J) . In both subtypes, application of nimodipine [42] did not significantly reduce the number of PIR spikes, indicating that L-type calcium channels (Ca v 1.3) may not contribute ( Figure S3A ; n = 5). Although there was little or no noticeable voltage-dependent sag in PT-type neurons, application of the nonselective blocker of I h , ZD7288 [43] , reduced the number of PIR spikes, indicating that I h may be partly responsible for the PIR spiking ( Figure S3B ; n = 4). Subthreshold current-voltage (IV) relationships were linear and similar in both subtypes ( Figure 2K ). Current versus frequency relationships showed that bursting cells had a high firing frequency during the burst at threshold but switched to regular spiking behavior for suprathreshold current injections ( Figure 2L ).
In both subtypes of PT-type cells, depolarizing long current steps just above threshold elicited spiking after a delay ( Figures  2F and 2I ), which was reduced by 4-aminopyridine (4-AP) and likely due to a transient K + I A current (Figures S3C-S3F ; n = 4), as previously shown in neocortical neurons [44] . PT-type neurons also exhibited inward rectification, due to hyperpolarization-activated K + (K ir ) channels (Figures S3G-S3J ; n = 4), as observed in neocortical neurons and striatal neurons in lamprey [43, 45] . The action potential was followed by a fast afterhyperpolarization (fAHP), a subsequent afterdepolarization (ADP) (Figures 2E and 2H, inset), and finally a medium AHP (mAHP). The latter was apamin sensitive ( Figure S3K ; n = 3) and therefore due to SK-type K Ca channels as in neocortical and hippocampal pyramidal neurons and other lamprey neurons [46, 47] . The basic electrophysiological properties of PT-type cells are tabulated in Table S1 . PT-type neurons in general have two primary dendrites (Figure 2N ) but sometimes only one ( Figures S4A-S4C) , and they contain a number of spines ( Figure 2M ). The dendrites extend broadly into the molecular layer ( Figures 2N-2P ). The axons of the PT cells descend to the brainstem either via a fiber bundle in the dorsal direction through the medial pallium or in a ventromedial direction, both with collaterals to the ipsilateral striatum.
To examine the local synaptic input to projection neurons, we recorded from PT-type neurons while extracellularly stimulating at different locations within lateral pallium ( Figures 2Q and 2R ). To investigate the GABAergic effects, we blocked the glutamatergic synaptic transmission by application of kynurenic acid. The remaining postsynaptic potentials (PSPs) were reversed inhibitory PSPs (IPSPs) and monosynaptic (n = 8) that were blocked completely by gabazine (GABA A receptor antagonist), indicating that they were GABA A receptor mediated ( Figure 2R ; n = 4). The spatial distribution of stimulus points evoking the monosynaptic GABAergic response suggests that inhibition is widespread (see heatmap in Figures S4D and S4E; n = 4). Application of AP-5 and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f] quinoxaline-7-sulfonamide disodium salt (NBQX) sequentially reduced the excitatory PSPs (EPSPs) ( Figure 2S ; n = 3). This shows that excitation from within lateral pallium onto PT-type projection neurons is mediated by both N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors.
Taken together, the lamprey PT-type cells have active membrane properties that, in many respects, resemble those of neocortical pyramidal neurons, and they are monosynaptically inhibited by GABAergic interneurons within lateral pallium.
Input from the Contralateral Lateral Pallium to PT-type Cells Is Excitatory and Oligosynaptic and Recruits a Local Inhibitory Network
Neurobiotin injections in the contralateral lateral pallium label neurons whose axons cross the midline via the habenular commissure, i.e., IT-type neurons [2] . These cells are immunonegative for GABA (Figures 3A-3C; n = 3). In order to examine this intratelencephalic synaptic input to PT-type neurons, we recorded from PT-type cells in a thick brain slice, which maintained the habenular commissure, while extracellularly stimulating the contralateral lateral pallium ( Figure 3D ). Stimulation elicited mixed robust excitation and inhibition, which could be separated by holding the cells close to the reversal potentials for inhibition and excitation, respectively ( Figure 3E ; cf. Figures S5A and S5B). The excitation reached the PT-type cells significantly earlier than the inhibition ( Figure 3F ; EPSP onset 30 ± 11 ms; IPSP onset 47 ± 13 ms; n = 6). Repetitive stimulation revealed short-term depression of both EPSPs and IPSPs (Figure 3G ; all PSPs normalized to the first PSP). The incoming synaptic input was excitatory, because bath perfusion of kynurenic acid completely abolished the responses ( Figure 3H ; n = 6), and it was mediated by both NMDA and AMPA receptors ( Figure 3I ; n = 5). Stimulation eliciting subthreshold EPSPs under control conditions resulted in spiking in the presence of gabazine, showing that the recruited inhibition was mediated via GABA A receptors ( Figure 3J ; n = 3). Furthermore, bath application of high concentrations of Ca 2+ /Mg 2+ to block polysynaptic transmission completely eliminated both EPSPs and IPSPs, indicating that there were intercalated neurons (Figures 3K-3M; n = 6). Thus, contralateral lateral pallial IT-type neurons, the equivalent to cortico-cortical neurons, oligosynaptically excite as well as inhibit PT-type neurons of the lateral pallium.
Whole-cell recordings from non-prelabeled lateral pallial neurons were also performed. EPSPs evoked by repetitive stimulation of the contralateral lateral pallium were sustained during bath application of high concentrations of Ca 2+ /Mg 2+ , showing that there are also neuronal populations in lateral pallium that receive monosynaptic input from the contralateral lateral pallium ( Figure S5C ; n = 5).
Membrane Properties and Morphology of Pallio-pallial IT-type Neurons
Lateral pallial IT-type projection neurons were prelabeled by a tracer injection into the pallio-pallial fiber bundle in the habenular commissure ( Figure 4A ). Like in PT-type cells, whole-cell recordings revealed two subtypes-regular spiking (n = 10/12) and bursting (n = 2/12). Both subtypes, however, fired a single action potential in response to a brief (5-ms) current injection, followed by a sustained depolarization in bursting cells ( Figures 4D, 4G , and S2E). For longer duration current injections, IT-type neurons responded with a train of spikes with frequency adaptation (Figures 4C , 4E, and 4H), like the PT-type cells ( Figure 4B ). For the bursting cells, the adaptation was most prominent at threshold. Table S1 . Figure 2I ). Both IT subtypes showed PIR spiking ( Figures 4F and 4I) . A few IT-type cells also showed a slight voltage-dependent ''sag'' during the hyperpolarizing pulse (to À120 mV; n = 4/12; Figure 4F , inset). Subthreshold IV relationships were linear for both subtypes of IT-type cells, however, with a much steeper slope for bursting cells ( Figure 4J ). Current versus frequency relationships showed that bursting cells had a high firing frequency during the burst at threshold but switched to regular spiking behavior for suprathreshold current injections ( Figure 4K ). The membrane properties of IT-type cells are listed in Table S1 . The morphology of IT-type neurons resembles that of PT-type neurons with spiny dendrites ( Figure 4L ) branching in three dimensions and terminating in the outer molecular layer ( Figures  4M-4O ). The branching of dendrites is less extensive than in PT-type cells. The IT-type neurons are located throughout the rostrocaudal extent of the lateral pallium (Figures S5D-S5H; n = 3).
Lateral Pallial Neurons with Monosynaptic Input from Thalamus-Th-r Cells-Membrane Properties and Morphology
In lamprey, stimulation of the optic nerve leads to excitation of cells in lateral pallium ( Figures S6A and S6B ). To examine lateral pallial cells with monosynaptic thalamic input (Th-r cells), the thalamic fiber bundle can be stimulated selectively [48] (Figure 5A ). In 9 out of 11 tested cells, the EPSPs elicited persisted in the presence of high Ca 2+ /Mg 2+ , indicating monosynapticity ( Figure 5B) , and the amplitudes of the individual EPSPs were not significantly reduced ( Figure 5C ; n = 6). The thalamic input was depressing during both control conditions and in high Ca 2+ /Mg 2+ ( Figure 5D) . A large proportion of Th-r cells were bursting cells (n = 6/9), which responded with a burst of spikes to a brief (5-ms) current pulse and showed a sustained depolarization, outlasting a prolonged current injection (Figures 5E and 5F, blue trace). The cells showed spike frequency adaptation ( Figure 5K ), as well as PIR spiking ( Figure 5G ). Bursting Th-r cells had an IV relationship similar to both subtypes of PT-type cells and regular spiking IT-type cells, whereas the IV curve for regular spiking Th-r cells was much steeper, like for bursting IT-type cells, indicating high input resistance (Figure 5M) . The regular spiking Th-r cells responded with a single spike to a brief current pulse (5 ms; Figure 5H ; n = 3/9) and with tonic firing to a long current pulse ( Figure 5I ) with spike frequency adaptation ( Figure 5L ). They also showed PIR spiking ( Figure 5J ). Th-r neurons also had spiny dendrites ( Figure 5N ; white square in Figure 5O ) extending into the molecular layer ( Figure 5O ), and they were localized in the ventral part of lateral pallium ( Figure S6C ; n = 9), in contrast to PT-type neurons [2] . The basic electrophysiological properties of Th-r cells are listed in Table S1 . A comparison of the membrane properties of the three investigated classes of excitatory cells within lateral pallium is given in Figures S6F-S6L . Lastly, to examine visual input, we stimulated the optic nerve while recording from lateral pallial neurons, using the in vitro eye-brain preparation ( Figure S6B ; see STAR Methods) [49] . Optic nerve volleys elicited both excitation and inhibition, demonstrating that visual input indeed reaches lateral pallium via thalamus (Figures S6A and S6B ; n = 4; see also [10, 50] ).
Thalamic and Olfactory Input to PT-type Cells
Tracer injections into lateral pallium resulted in retrogradely labeled cell bodies in the thalamus, as well as anterograde labeling of presumed terminals and fibers, suggesting a reciprocal connectivity between the two ( Figure 6A ) [2] . The retrogradely labeled cells did not express GABA, but many expressed calretinin ( Figures 6B-6D and S5I-S5L; n = 3). Calretinin-positive fibers were also observed in the same region as the thalamic fiber bundle in the medial pallium ( Figures S5M and S5N) .
To examine the synaptic input from thalamus to PT-type neurons, we stimulated the incoming thalamic fiber bundle while recording from prelabeled cells ( Figure 6E ). Stimulation elicited robust excitation and inhibition when the cell was held close to the reversal potential for inhibition and excitation, respectively ( Figure 6F ; cf. Figures S5A and S5B) . The latencies for excitation and inhibition were not significantly different ( Figure 6G ; EPSP onset 32 ± 10 ms; n = 5; IPSP onset 34 ± 12 ms; n = 5). Shortterm synaptic depression was seen for both EPSPs and IPSPs in response to repetitive stimulation ( Figure 6H ). Thalamic input was excitatory ( Figure 6I ; n = 5) and mediated by both NMDA and AMPA receptors ( Figure 6J ; n = 5). Repetitive subthreshold stimulation resulted in spiking in the presence of gabazine, indicating recruited inhibition mediated by GABA A receptors (Figure 6K ; n = 3). Blocking polysynaptic transmission by high Ca 2+ /Mg 2+ completely abolished both EPSPs and IPSPs (Figures 6L-6N ; n = 6), showing that the effects were oligosynaptic. With respect to olfactory input, reciprocal connectivity exists between the olfactory bulb and the lateral pallium ( Figure S7A ; n = 4). Distinct olfactory fiber bundles project within the molecular layer of lateral pallium (Figures S7A and S7B ; n = 3), where they synapse onto dendrites of the PT-type cells (Figures S7C-S7H ; n = 3) and provide monosynaptic excitation (NMDA and AMPA receptor mediated; Figures S7M, S7N [n = 5], S7P, and S7Q [n = 6]). Stimulating the olfactory bulb ( Figure S7I ) elicited robust monosynaptic excitation followed by recruited inhibition (Figures S7J and S7K ; EPSP onset 13 ± 2 ms, n = 5; IPSP onset 30 ± 6 ms, n = 5; Figures S7O [n = 6] and S7R [n = 3]). Combined stimulations of the olfactory bulb and thalamic fiber bundle ( Figure S6D) showed that the PT-type cells integrated the two inputs with the combined EPSP amplitudes not significantly different from the arithmetic sum of the individual amplitudes ( Figure S6E ; n = 4). The olfactory projection neurons thus provide monosynaptic drive to PT-type neurons, whereas the thalamic input is relayed via thalamo-recipient neurons.
DISCUSSION
Our results delineate for the first time the architecture and connectivity of the lateral pallium in the oldest now-extant vertebrate, the lamprey ( Figure 7 ). There is indeed already in the lamprey a three-layered lateral pallium with a molecular layer and two inner cellular layers. The innermost layer contains a high density of GABAergic cells (see also [8, 51] ) and an almost equal number of presumed glutamatergic cells, whereas in the outer cellular layer, the glutamatergic cells dominate, similar to the situation in reptiles [52] . Altogether, 22% of the cells within pallium are GABAergic, a proportion similar to that found in mammalian neocortex [53] . The glutamatergic projection neurons (PT, IT, as well as Th-r) in the cellular layer have their spiny dendrites extending into the molecular layer. Their dendritic arbor is, however, much wider with usually two main dendrites that ramify extensively, enabling them to pick up input from a wider region than the typical neocortical pyramidal cell. It should be noted that, in both the reptilian and mammalian cortices, there is a great variability of the dendritic configuration with one or two stem dendrites [19, 52, 54, 55] . Additionally, lateral pallial projection neurons resemble their mammalian counterparts with regard to their firing properties. As in other vertebrates, input from the retina to lateral pallium is relayed through thalamus, whereas olfactory input is relayed via the olfactory bulb. Sensory input excites the PT-type cells as well as inhibits them by recruiting the local inhibitory network within lateral pallium.
The Primordial Cortex from a Three-Layered Cortical Perspective
The reptile dorsal cortex, often considered the origin of the mammalian neocortex, also has a three-layered architecture with a molecular layer, a cellular layer having preferentially pyramidal neurons with one or two apical dendrites, and a third inner layer with mainly GABAergic cells [52, 54, 56] . As in the lamprey lateral pallium, the turtle dorsal cortex has pyramidal cells receiving thalamic excitatory input and GABAergic feedforward inhibition [20, 21, 56] . The axons of these pyramidal cells exit the turtle dorsal cortex to traverse via the innermost layer. In lamprey, the axons similarly exit through the inner cellular layer to traverse either in a dorsal fiber bundle in medial pallium or take a ventral course through the ventromedial pallium [2] . The PT-type cells in reptiles target the thalamus, optic tectum, or the mesencephalic tegmentum [52] , whereas in mammals and lamprey, they also project to the lower brainstem and spinal cord [2] .
Although the neocortex is generally six-layered in mammals [19] , other portions of the cerebral cortex-the olfactory piriform cortex and hippocampus-are three-layered [56] . The molecular layer of the lamprey lateral pallium resembles the plexiform layer of the mammalian piriform cortex in that input from the olfactory bulb, the lateral olfactory tract, synapses onto spines on the distal parts of apical dendrites of pyramidal cells ( Figure S7 ) [57, 58] . The olfactory input is mediated via NMDA and AMPA receptors and generates an excitation-inhibition sequence by direct excitation and recruited inhibition (Figure S7) [58] .
GABAergic interneurons in neocortex, characterized by the expression of peptidergic markers like somatostatin, VIP, NPY, or CCK [53] , are not present in lamprey. However, in both lamprey and the reptile cortex, calbindin-and calretinin-expressing cells are well represented (cf. Figures 1 and S1 ) [59, 60] .
Quintessentially, the lamprey lateral pallium embodies many of the basic circuit features of the three-layered cortices in reptiles and mammals, which are considered evolutionary precursors of the six-layered neocortex [56, 61] .
The Lateral Pallial Microcircuit of the Lamprey vis-à -vis the Neocortical Microcircuit
The six-layered neocortical circuit in mammals is often viewed as a stereotypical canonical microcircuit. In reality, the neocortex can vary substantially between regions and between species. For instance, the human neocortex can be 4.5 mm deep in some areas, whereas that of the pygmy shrew is only 0.4 mm deep [19] . Nevertheless, it incorporates common intrinsic connectivity features across its sensory, motor, and associative areas [14, 53] . Afferent thalamic input to the neocortex ascends via the deep layers, through which also efferents descend [15] , which mirrors the situation in the lamprey lateral pallium with respect to thalamic and contralateral lateral pallial inputs and efferent output. Thalamic input reaches PT-type cells oligosynaptically in neocortex where ''core''-type thalamic input mainly targets layer 4 cells [62] , although there is also a monosynaptic component reaching layer 5 PT-type cells [63] . The layer 4 cells in turn project heavily to layer 2/3 and also to layers 5A/5B [15] . Whereas the IT-and PT-type cells are layered as 5A/5B in rodents, they are intermingled in the lamprey lateral pallium. We do not know whether layer 2/3 equivalent cells are present in the lamprey, but oligosynaptic thalamic excitation and inhibition can reach PT-type cells with no significant delay between the two. This indicates that thalamic input activates both excitatory and inhibitory intercalated cells in lamprey lateral pallium (Figure 7) . The Th-r cells that receive this monosynaptic thalamic input are predominantly concentrated in the ventral region of lateral pallium, distinct from PT-type cells. Table S1 . Table S1 . Regarding cellular morphology, the rich ramifications in the cellular layers of the two primary dendrites, which extend to the molecular layer, may compensate for the lack of basal dendrites in lamprey lateral pallial neurons. Many lateral pallial cells resemble the semilunar cells of the rodent piriform cortex and the bowl cells of the reptile lateral (olfactory) cortex [52, 64] .
In terms of firing properties, lateral pallial PT-and IT-type neurons, as well as Th-r cells, show regular as well as burst firing. Neocortical and hippocampal pyramidal cells are traditionally classified as regular spiking or bursting [65] . Dendritic Ca 2+ spikes are implicated in switching the regular spiking in the soma into bursting [66] (see also [67] ). This could also be the case in lamprey lateral pallial cells. Many of the firing properties of turtle pyramidal neurons resemble those of the lamprey and mammals [68] . Burst firing has been observed in the turtle hippocampus, but not in dorsal cortex [69] .
Cortical Architecture and Its Evolutionary Origin
It thus appears that the lamprey lateral pallium has a microcircuit ''bauplan'' that includes many features of the three-layered reptilian cortex, the mammalian olfactory and hippocampal cortices, as well as the neocortex. In this context, it is important to consider the expression patterns of developmental regulatory genes and the recent demonstration of the presence of all major pallial domains in both lamprey and hagfish [34] (see Introduction).
The dorsal regions of lateral pallium contain motor-related neurons with efferent projections to brainstem motor centers, as in the frontal lobes in mammals, whereas ventral regions receive thalamic input. Although the lateral pallium also receives olfactory input, we have no evidence so far to suggest any particular area as a counterpart of the piriform cortex.
Whether associative areas exist in the lamprey lateral pallium, as in mammals, is also not known.
With respect to lamination, the lamprey lateral pallium is subdivided in a way resembling the three-layered reptilian and mammalian cortices, including also some aspects of the sixlayered neocortex, while maintaining the segregation of neocortical equivalent layer 5 (output PT-and IT-type cells) and layer 4 (Th-r) cells as separate populations. The PT-type cells represent the common output source of pallia in mammals, reptiles, as well as lamprey. In lamprey, however, they integrate oligosynaptic sensory inputs from thalamus and monosynaptic olfactory input from the olfactory bulb. They target the basal ganglia and different downstream motor centers [2] and can influence the subcortical motor infrastructure to generate and mediate goaldirected behavior.
In conclusion, many detailed features of the reptilian and mammalian cortices are present already in the lamprey lateral pallium. As with the great resemblance in forebrain organization between lamprey and mammals with regard to the basal ganglia, habenulae, and the dopamine innervation [3] [4] [5] 70] , our results strongly suggest that basic features of the mammalian cortices had already evolved when the lamprey line of evolution diverged from that leading up to mammals some 500 million years ago. It would seem that this basic organization evolved to control the limited behavioral repertoire of the lamprey and that it has been maintained albeit expanded during evolution to control the more complex and refined movements and sensory processing of ''higher'' vertebrates.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Experiments were performed on a total of 213 adult river lampreys (Lampetra fluviatilis) of either sex. Experimental procedures were approved by the local ethical committee (Northern Stockholm Animal Review Board) and were in accordance with the NIH Guide for the Care and Use of Laboratory Animals (1996 revision). Every effort was made to minimize animal suffering and to reduce the number of animals used during the study.
METHOD DETAILS
Anatomical tract tracing Lampreys (Lampetra fluviatilis, n = 29 were deeply anesthetized in MS-222 (100 mg/L) dissolved 0.01M phosphate buffered saline (PBS). They were then transected caudally at the seventh gill, and the dorsal skin and cartilage were removed to expose the brain. During the dissection and the injections, the head was pinned down and submerged in ice cooled oxygenated HEPES buffered physiological solution (in mM; 138 NaCl, 2.1 KCl, 1.8 CaCl 2 , 1.2 MgCl 2 , 4 glucose, and 2 HEPES), pH 7.4. Approximately 50 nL of 20% Neurobiotin (w/v; in distilled water containing fast green to aid visualization of the spread of the injection; Vector Laboratories) was pressure injected unilaterally into the lateral pallium (n = 16), olfactory bulb (n = 7) or thalamus (n = 3). For dual tracer injections, rhodamine-conjugated dextran amine (10kD; Molecular Probes; 12% in distilled water) and Neurobiotin were injected into the dmtn and olfactory bulb (n = 3), respectively. All injections were made with glass micropipettes (borosilicate; o.d. = 1.5 mm, i.d. = 1.17 mm; Hilgenberg) with a tip diameter of 10-20 mm. The micropipettes were fixed to a manipulator, and attached to an air supply. The brains were left in HEPES overnight to allow transport of the tracers and then fixed in 4% formaldehyde and 14% saturated picric acid in 0.1 M phosphate buffer (PB), pH 7.4, for 12-24 hr, after which they were cryoprotected in 20% (wt/vol) sucrose in PB overnight. 20 mm thick transverse sections were cut using a cryostat, collected on gelatin-coated slides, and stored at À20 C until further processing. For GABA immunohistochemistry, the brain was fixed in 4% formalaldehyde, 2% glutaraldehyde, and 14% of a saturated solution of picric acid in PB. Neurobiotin was visualized by incubation in Cy2, Cy3 or Cy5 conjugated streptavidin (1:1000; Jackson ImmunoResearch) in 0.3% Triton X-100 and 1% BSA in 0.1 M PB for 3-4 hr at room temperature and coverslipped in glycerol 
Image analysis
Photomicrographs were taken with an Olympus XM10 digital camera mounted on an Olympus BX51 fluorescence microscope (Olympus Sweden). Illustrations were prepared in Adobe Illustrator and Adobe Photoshop CS6. Images were only adjusted for brightness and contrast. Confocal Z stacks of optical sections were obtained using a Zeiss laser-scanning microscope, and projection images were processed using the Zeiss LSM software and Adobe Photoshop CS6.
Cell counts and somatic areas
In order to estimate the number of GABAergic neurons in the lateral pallium as well as their density, we examined transverse sections (3 segments from each of 2 animals, a total of 6 sections) of the lateral pallium and counted cells in both the dorsolateral and ventrolateral parts ( Figure 1E ). The lateral pallium was then divided into three bands based on the distance from the lateral ventricle, orange ( Figure 1E ) of each band was calculated and averaged across bands for all three layers (inner and outer cellular layer and the molecular layer). This was done for both GABAergic and non-GABAergic cells. We report the number of cells in a 100 3 100 mm square section, i.e number of cells per 10 4 mm 2 , since number of cells per unit area (1 mm 2 ) was too low. We also report the proportion of excitatory and GABAergic neurons in the inner and outer cellular layers. Similar divisions in lateral pallium were used to estimate number of calbindin-and calretinin-positive neurons (n = 2 each) in the inner and outer cellular layers. We also calculated the somatic areas of PT, IT, calbindin, calretinin and GABAergic cells using Zeiss LSM software.
Extracellular stimulation
Extracellular electrical stimulation of the ipsilateral olfactory bulb, ipsi-and contralateral lateral pallium, thalamic fiber bundle and the optic nerve was performed with borosilicate glass microcapillaries (same as used for patch recordings), connected to a stimulus isolation unit (MI401; Zoological Institute, University of Cologne). The stimulation intensity was generally set to two times the threshold strength (10-200 mA) to evoke PSPs. To investigate short-term dynamics of synaptic transmission, a stimulus train of 8 pulses at 10 Hz was used, which was followed by a recovery test pulse after 1-2 s following the 8 th pulse to assess the viability of the membrane returning to rest [48] . PSPs elicited from a stimulus train generally began on the decay phase of the previous PSP. In order to extract correct amplitudes, the synaptic decay was either fit by an exponential curve and subtracted or manually subtracted.
Electrophysiological data analysis
Neurons with resting membrane potentials more hyperpolarized than À50 mV following entering whole-cell recording configuration, and with over-shooting action potentials (mean amplitude $50 mV) were included in the dataset for subsequent analysis. All recordings were performed in whole-cell configuration and current clamp mode, with injections of hyperpolarizing and depolarizing current steps to investigate voltage responses. Depolarizing current injections were also given in a ramp-like manner to measure rheobase and threshold. Data analysis was performed using custom-written functions in MATLAB or using PClamp 10 (Molecular Devices). Several parameters were obtained from recorded cells: Resting membrane potential was measured without DC -current injection a few minutes after entering whole-cell recording configuration. Input resistance was calculated as the slope of the regression line fit to steady-state membrane potential responses to À5 pA current injection from rest. The current injections were limited to this value to minimize the triggering of voltage-gated conductances, which would influence the input resistance. Membrane time constant was the time taken for the membrane potential to reach 63% of the maximal hyperpolarized value for a 20 pA, 500 ms negative current injection from rest. Voltage threshold for evoking action potentials was the value of the membrane potential at which its first derivative (dV/dt) crossed 10 mV$s À1 in response to gradual depolarization from resting potential in a ramp-like manner.
Rheobase was the minimal current to attain threshold and elicit an action potential in response to depolarizing current injection in a ramp-like manner from rest. Spike amplitude was the height of the spike measured from threshold, and spike half-width was the width measured at half the spike amplitude. Average frequency was the number of spikes elicited in response to a suprathreshold depolarizing 1 s current step. Instantaneous firing frequency was the inverse of the inter-spike intervals and was calculated for the first two inter-spike intervals. In order to separately record synaptic excitatory and inhibitory responses, the membrane potential was held close to the reversal potential for IPSPs and EPSPs, À65 mV and À20 mV respectively. It was difficult to hold the cell at more depolarized somatic potentials than À20 mV without losing stable recording conditions. The reversal potential (for our recording conditions) for inhibition was determined experimentally in PT-type cells (see Figures S5A and S5B ), using QX314 (2 mM) in the pipette to block action potentials and kynurenic acid in the bath to nonselectively block excitation. Monosynaptic inhibitory PSPs were recorded at 3 holding potentials: À75 mV, À57 mV and À33 mV. The PSP amplitudes were then fit by a quadratic curve (best fit) and the reversal potential was determined as the point of intersection of the curve at 0 mV PSP amplitude. The value measured was À68 ± 1.63 mV (n = 3).
Drug applications
The following drugs were all bath applied during whole-cell patch recordings: The selective NMDA and AMPA receptor antagonists AP-5 (50 mM; Tocris) and NBQX (40 mM; Tocris), the GABA A receptor antagonist gabazine (10 mM; Tocris), the non-selective glutamate receptor blocker kynurenic acid (2 mM; Sigma-Aldrich), the K + -channel blocker 4-aminopyridine (4-AP; 100-500 mM, Sigma-Aldrich), barium chloride (100 mM; Sigma-Aldrich), the monovalent cation current I h antagonist ZD7288 (50 mM; Tocris Bioscience), the L-type calcium channel antagonist nimodipine (10 mM; Tocris). High divalent concentrations (4 mM Ca 2+ and 8 mM Mg
2+
) were applied in order to significantly reduce the probability of polysynaptic transmission [2, 49, 73] While investigating NMDA and AMPA receptors, Mg 2+ -free extracellular solution was used to remove voltage-dependent block of NMDA receptors [48] .
Statistical analysis
For statistical analysis, we performed two-sample unpaired or paired Student's t tests using MATLAB. A one-way ANOVA was computed for comparisions of somatic areas of different neuron subtypes in the lateral pallium. To further test for significant differences in somatic areas between neuron subtypes we performed a Tukey test (both tests were done in Prism, GraphPad Software Inc). Throughout the figures, sample statistics are expressed as means ± SD (Standard deviation) or means ± SEM (Standard error of mean). In the figures, significance levels are indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
